Abstract Megagametogenesis of soybean, Glycine max (L.) Merr., cultivars Clark and Clark k2 , and F1 hybrid of Clark (female parent) crossed with Clark k2 (male parent) were studied using stereo light microscopy and confocal scanning laser microscopy. Reproductive development in Clark and Clark k2 plants was compared to F1 hybrid plants. In mature pods, 6.4% of the ovules of Clark, 8.1% of the ovules of Clark k2 , and 41.4% of the ovules of F1 hybrid plants were aborted. This female partial sterility was due to incomplete megagametophyte development: undeveloped polar nuclei -or developed but not in a position for fertilization; increased megagametophyte wall thickness; abnormal shape and/or premature degeneration of synergids and intact synergids throughout the life of the ovule; egg cell not well-developed or absent; and megagametophyte remaining uninucleate. Each of these abnormalities contributed to either lack of double fertilization or early megagametophyte abortion.
Introduction
The female gametophyte is an absolutely essential structure for angiosperm reproduction. It produces the egg cell and central cell (which give rise to the embryo and endosperm, respectively) and controls several reproductive processes including pollen-tube guidance, fertilization, the beginning of seed development, and perhaps maternal control of embryo development (Evansa and Kermicle 2001) . Specific molecules directing and controlling megagametogenesis and female gametophyte function have yet to be identified.
It is common for plant species to have loci capable of producing male-sterile, female-fertile mutations, or malesterile, female-sterile mutations (Gottschalk and Kaul 1974) . Less common are male-fertile, female-sterile or partial female-sterile mutations. Female genetic sterility is the result of failure of ovule development under the influence of mutated genes. Female sterility in angiosperms is associated with a variety of factors, including the lack of fertilization that results in failure of the megagametophyte (Mogensen 1982) . Gametophytic lethal mutations that are expressed in one sex, but are transmitted at least partially through the other, can only be recovered as heterozygotes. Plants heterozygous for a female gametophyte lethal mutation are semi-sterile because one-half of the ovules produce defective megagametophytes and, as a result, do not develop into seeds (Howden et al. 1998) . Cytological analysis of ovules from a semi-sterile plant heterozygous for a megagametophytic mutation, therefore, allows comparison of mutant (defective) and wild-type megagametophytes within the same gynoecium (except for uniovulate plants).
Lethal ovule genes causing female-sterile abnormalities that prevent fertilization of the ovule or endosperm development have been described in maize by Singleton and Mangelsdorf (1940) , Clark (1942) and Nelson and Clary (1952) . Confocal scanning laser microscopy (CSLM) was used to study ovule-expressed genes during megagametogenesis in maize (Vollbrecht and Hake 1995) . Normal ovules were compared with development of ovules deficient for small chromosome regions. Vollbrecht and Hake (1995) were able to divide these deficient ovule phenotypes into three classes that were related to distinct haploid-expressed gene functions. Sheridan and Huang (1997) also reported a lethal ovule mutation in maize. These lethal ovule mutations are different but act in a similar way, i.e., ovules carrying a lethal factor generally abort before fertilization and are rarely capable of being fertilized. The factors have a special feature: they do not affect the pollen grains and, of course, are not transmitted through the female parent. A genetic approach to the identification of such molecules has been initiated in Arabidopsis and maize Sheridan 1996, Christensen et al. 1997) . Although genetic analyses are still in their infancy, mutations affecting female gametophyte function and specific steps of megagametogenesis have been identified Sheridan 1996, Christensen et al. 1997) . Moore et al. (1997) also reported female-partial sterility in the Arabidopsis thaliana hdd mutant, which is due to a recessive lethal factor that induces ovule or seed abortion after entry of the pollen tube into the micropyle of the ovule. Two Arabidopsis mutants ( Gf1 = Gametophyte factor 1 ; prl = prolifera ) are known to affect megagametogenesis (Springer et al. 1995) . In alfalfa, female sterility is due to incomplete development of the integuments that leave the nucellus and female gametophyte unprotected (Bingham and HawkinsPfeiffer 1984) .
In soybean, five partial-female-sterile mutants (PS1 through PS4 and Clark k2 ) have been identified, representing three distinct inheritance patterns (Palmer et al. 1989 , Palmer 1997 . Soybean partial-sterile (PS) mutant 1 (PS-1) and mutants PS-2, PS-3 and PS-4, were recovered from a gene tagging study (Palmer et al. 1989 ). PS-1 was inherited as a single recessive gene (3 : 1 ratio) and this mutant had a reduced number of seeds per pod because of early embryo abortion (Pereira et al. 1997b ). PS-2, PS-3 and PS-4 transmitted the partial female-sterile phenotype only through the male parent (Pereira et al. 1997a ). In addition, the Clark k2 (L67-3483) mutant was identified as a female PS trait by Palmer (1997) .
The objectives of this study were to describe the reproductive cytology of Clark, the female PS trait in Clark k2 , and the F1 hybrid plants of Clark crossed with Clark k2 . Clark was used as a control and F1 hybrid plants were compared to Clark and Clark k2 plants. Pods and megagametophytes of these three lines were observed using stereo light microscopy and CSLM, respectively.
Materials and methods
In this study, Glycine max (L.) Merr., cultivar Clark (female parent) was crossed with Clark k2 (L67-3483), which has a tan-saddle seed coat phenotype ( K2 locus) and is a nearisogenic line of Clark (Rode and Bernard 1975) . Clark k2 was identified in 1956 at Columbia, Missouri in the cultivar Clark after X-ray irradiation.
Reproductive buds at different stages of all three lines were collected from tagged plants grown in the USDA greenhouse and in growth chambers (29°C day/26°C night) at Iowa State University Agronomy Department. Photoperiod in the greenhouse and growth chambers was 18 h during the first 4 weeks, 16 h the fifth week, 14 h the sixth week, and 13 h until maturity. At maturity, tagged plants were classified for fertility/sterility on the basis of seed set.
Position of ovule abortion in pod
Mature pods from Clark, Clark k2 , and the F1 hybrid were split open to identify the position within the pod of ovule abortion. Positions for two-and three-seeded pods are basal (where pod is attached to receptacle), middle (for threeseeded pod) and apical (see Table 1 ). Images of the closed and opened pods were made using a Minolta X-700 SLR camera with a macrolens attached to a Bencher Macroduplication System and Kodak 64T 35 mm color film. The positive 35 mm transparencies were digitized with a Umax PowerLook 3000 scanner. The resulting digital images were processed using Adobe PhotoShop 6.0 and plates were made using Adobe PageMaker 6.5.
Whole-ovule clearing for CSLM
Ovules at different stages during and following fertilization were dissected out of flower buds from Clark, Clark k2 , and the F1 hybrid of Clark ¥ Clark k2 (201 ovules in total). Ovules of these three genotypes were fixed with formalinacetic acid-alcohol (FAA) (Sass 1958) , and placed under vacuum at 15 psi (6.89 kPa) for 24 h at room temperature (RT), and then stored in 70% ethanol at 4°C. (Kasten 1981) were used to stain megagametophyte nuclei and walls, respectively. FAA fixed ovules stored in 70% ethanol were hydrated in a descending 50%, 30% ethanol series (20 min per step) and water and then thoroughly washed in deionized (de) water. For the fluorescent Feulgen-type reaction, ovules were hydrolyzed for 20 min in 6 N HCl at RT, and then rinsed with de water. For the PAS-type reaction, the ovules were hydrolyzed with 0.5% periodic acid for 25 min at RT, thoroughly rinsed with de water, and then stained in a 0.1-0.25% acriflavine-Schifftype reagent (Kasten 1981) for 20-30 min at RT. The stained ovules were rinsed with de water until very little acriflavine leached out (1-4 h). The ovules were dehydrated in a graded ethanol series to 100% ethanol (1 h per step), and they were gradually cleared in methyl salicylate [3 : 1 (100% ethanol : methyl salicylate), 1 : 1, 1 : 3 and then two changes of 100% methyl salicylate (at least 1 h per step)]. The ovules were mounted in methyl salicylate on slides, coverslips were gently applied, but not pressed down to eliminate breakage, and were sealed with nail polish or transparent liquid glue. Slides were stored at 4°C to lessen the possibility of evaporation prior to viewing.
Mounted ovules (201 in total) were observed and digitized (40-60 1 µm optical images/megagametophyte) with a Noran Odyssey-CSLM incorporating a NIKON-DIAPHOT microscope with 60 ¥ /1.4 oil immersion objective and an argon laser. The excitation wavelength was 488 nm and the emission wavelength was 515 nm. The serial 1 µm opticalsection images were collected digitally and these images were processed similarly to those in the previous section.
Results

Position of ovule abortion in pod
The Clark, Clark k2 , and F1 hybrid plants produced two-( Fig. 1) , and three-seeded (Fig. 2) pods. Ovule abortions within the pods were recorded as basal, middle, or apical in position (Table 1) 
Clark
The CSLM images are individual optical slices through whole megagametophytes (and ovules), so that the following results, even though shown by single images, are representative of optical slices in each megagametophyte. Therefore, the following results are based on observations of many individual slices.
Ovules from Clark genotype exhibited 93.6% normal megagametophytes (Table 1) . Flower buds of different stages displayed eight-nucleate megagametophytes containing egg cell, two synergids, two polar nuclei, and three chalazal antipodals (Fig. 8) . Some megagametophytes showed evidence of fertilization, such as a degenerated synergid ( Fig. 9) , and sperm nucleus within the egg cell with nearby fused polar nuclei, respectively (Fig. 10) . The three antipodal cells at the chalazal pole usually appeared degenerated after the fusion of the two polar nuclei. In slightly later normal megagametophytes, the fused polar nuclei were near the egg cell apparatus, and just before fertilization the central cell was filled with a large number of starch grains (not shown). Double fertilization produced the zygote and the triploid primary endosperm nucleus (Fig. 10) . After fertilization, starch grains diminished through the proembryo stage. The primary endosperm nucleus divided to form the endosperm and the embryo continued to develop.
In Clark, 6 .4% of the ovules showed megagametophyte abortion ( Table 1 ). The different abnormalities that contributed to abortion were: the lack of migration of unfused- (Figs. 11, 14) and fused-polar nuclei (Figs. 12, 13), lack of double fertilization, absence of endosperm formation (not shown ), poorly-developed egg (Figs. 14, 15) , and synergids that remained intact (lack of pollen tube penetration; Fig. 16 ).
Clark k2
Clark k2 had 91.9% normal megagametophytes (Table 1) . The megagametophyte of the Clark k2 mutant showed some degeneration during various intermediate stages of development ( Table 2) . Some of the megagametophytes from Clark k2 mutant from the same pod when observed with the CSLM, showed different stages of development, such as one ovule/megagametophyte at the zygote stage and the other ovule/megagametophyte at the time of fertilization. Abnormalities of some Clark k2 megagametophytes are shown in Figs. 17-24: megagametophytes were degenerated or collapsed (Fig. 17) , megagametophyte wall was thicker (Fig. 18) , abnormal shape of synergids (Fig. 19) , polar nuclei were fused (Figs. 19, 20, 22) , or unfused and not migrated (Fig. 21 ), synergids were not degenerated and were abnormal in shape (Fig. 21) , egg apparatus lacked egg (Fig. 21) , and megagametophytes were devoid of nuclei (Fig. 23) . Other ovules from Clark k2 showed normal egg apparatus and fused polar nuclei, normal fertilization, and potential for development into seeds (Fig. 24) .
Intact polar nuclei were found in some degenerated, unfertilized megagametophytes (not shown). However, endosperm did not develop. In later stages of degeneration, such as the late proembryo stage, there was no visible endosperm, thus embryo development did not proceed and abortion was due to failure of endosperm formation.
F1 hybrid
The F1 hybrid displayed 41.4% ovule abortion, i.e. 58.6% normal megagametogenesis (Table 1) . The megagameto-phytes of some F1 hybrid plants appeared to degenerate during various stages of development (Figs. 25-39 ). The following abnormalities are shown: megagametophytes were degenerated or collapsed, and devoid of nuclei (Fig. 25) . Diploid ovule tissues surrounding the megagametophytes always appeared normal except for increased wall thicknesses (Fig. 25) . Aborted megagametophytes either contained both synergids throughout the life of the ovule (Figs. 26, 29 ), or they were both degenerated (Figs. 27, 28) ; the egg cell was collapsed, or was small and not developed (Figs. 28, 29, 33, 34, 36, 37) or sometimes absent (Figs. 27, 30, 32) . In most cases polar nuclei had not migrated toward the egg apparatus (Figs. 28-35, 37 ), but had sometimes migrated (Figs. 26, 27 ). Ovule abortions were also due to zygote or embryo failure, and megagametophytes without nuclei (Figs. 25, 38) . Generally, aborted soybean ovules did not form endosperm because polar nuclei had not migrated near the egg cell apparatus (Figs. 28-35, 37) , and fertilization of sperm with polar nuclei did not occur. In some ovules, endosperm did exist but there was no zygote (Fig. 38) .
In addition, the polar nuclei showed some variation in the megagametophytes. Polar nuclei fusion was not always observed before fertilization. In a few cases, ovules at anthesis did not display fused polar nuclei, and sometimes the nuclei never fused. Some megagametophytes did not contain endosperm and were aborted (Fig. 25) . Observations of the megagametophytes from F1 hybrid plants indicate that if polar nuclei are distant from the egg cell the ovule will abort (Table 2; Figs. 28-35, 37). Some megagametophytes did not display any egg apparatus (Fig. 32) or, if present, they were not well-developed, but had central cells and fused polar nuclei (30) (31) (32) (33) (34) .
At the time of fertilization in normal F1 hybrid developing ovules, the antipodals had degenerated and mostly were absent, polar nuclei had fused and migrated towards the egg apparatus (Fig. 39) . The central cell became engorged with starch and a filiform apparatus was observed associated with the egg apparatus (not shown).
Discussion
Plants contain two classes of mutations that exhibit fundamentally different segregation patterns. Sporophytic mutations affect sporophytically expressed genes and generally exhibit Mendelian 3:1 segregation patterns. Gametophytic mutations affect gametophytically expressed genes and exhibit non-Mendelian segregation patterns and can only be passed from generation to generation as heterozygotes (Drews et al. 1998 
Abnormal ovules
The criterion used to identify female gametophyte mutants is reduced seed set. This phenotype arises because, in a plant heterozygous for a female gametophyte mutation (e.g., genotype Aa), approximately one-half of the female gametophytes are mutant and nonfunctional (genotype aa), and because an ovule harboring a defective female gametophyte fails to undergo seed development. An ovule that fails to develop desiccates and forms a small white mass in Arabidopsis (Meinke and Sussex 1979) . Thus, one way to identify female gametophyte mutants is to screen for lines with siliques/ears/pods containing 50% normal seeds and 50% aborted ovules.
In soybean, reduced seed set is a good criterion to identify female gametophyte mutants (Pereira et al. 1997a (Pereira et al. , 1997b . Palmer and Heer (1984) showed that a heterozygous chromosome translocation genotype plant had few seed abortions but about 50% ovule abortion, and 50% pollen abortion.
The Clark k2 female PS mutant is expressed in the heterozygous condition at a single locus and this locus exhibits a 1 fertile : 1 female PS phenotype upon self-pollination. This sporophytically expressed trait is transmitted through both female and male gametes. The locus is located at the termini of the soybean molecular linkage group D1b + W between single sequence markers (SSR) Satt157 and Satt266 (Kato and Palmer 2003) . Fifty percent of the ovules of a plant heterozygous for a female gametophytic mutation will not develop into seeds upon fertilization. In our study, CSLM examination showed that one-half of the ovules of the Clark ¥ Clark k2 F1 hybrid megagametophytes were abnormal. These results indicate that the genes for female partial sterility in soybean mutant Clark k2 behaved similarly to the lethal ovule gene in maize mutants (Clark 1942; Van Horn and Nelson 1969) . Gynoecia from PS F1 hybrid plants had ovules of two different sizes, large and small like PS-1, PS-2, PS-3, and PS-4 soybean mutations (Pereira et al. 1997a (Pereira et al. , 1997b . We assumed that the larger ovules were fertilized and would develop into mature seeds, and that the smaller ovules would abort.
Female gametophyte mutations affecting gametophytic maternal control of embryo development should produce a slightly different seed-set phenotype. A new maternal effect mutation in maize, maternal effect lethal1 ( mel1 ), causes the production of defective seed from mutant female gametophytes (Evansa and Kermicle 2001) . Mutations affecting embryo and/or endosperm development resulted in 50% defective seeds in maize (Miller and Chourey 1992) .
In many mutants, embryo abortion is associated with unfertilized intact polar nuclei; non-migration of polar nuclei to the egg cell, no fusion of a sperm nucleus with polar nuclei; and the absence or failure of triple fusion even though the egg cell was fertilized (Mogensen 1982 , Arthur et al. 1993 ). Contolini and Menzel (1987) reported, in cotton lines, a high percentage of aborted ovules with intact synergids and polar nuclei, indicating incomplete fertilization. Mogensen (1975) also showed in Quercus , 45% of aborted ovules were due to a lack of fertilization. In soybean, floral abscission affected failure of fertilization and it caused a total of 7.0% and 8.9% unfertilized ovules in two cultivars (Abernethy et al. 1977) . Palmer (1997) noticed that in reciprocal cross pollinations of Clark k2 with cultivar Minsoy, all F1 plants had many one-and two-seeded pods. Ovule abortions in the F1 hybrids were phenotypically similar to ovule abortions in Table 2 . Summary of various (nuclear/cellular) conditions in the three soybean genotypes that lead to abnormal megagametophyte development and ovule abortion (MCW = megagametophyte cell wall) a Total number of ovules observed for Clark, Clark k2 and F1 hybrid were 46, 60, and 95, respectively. Some ovules had more than one abnormality and are listed in more than one category heterozygous chromosome translocation plants (Palmer and Heer 1984) . We observed that small ovules in Clark k2 and in F1 heterozygotes were mostly degenerated and that some of the large ovules that were fertilized had degenerated, in contrast to PS-1 (Pereira et al. 1997a) . A few pods of Clark k2 , and many of the pods of F1 hybrid plants, had a reduced number of seeds per pod due to lack of fertilization. The reduction in number of seeds per pod was the result of ovule abortion or very early embryo abortion. Aborted megagametophytes of F1 hybrid plants contained collapsed or small and non-developed eggs, and sometimes there were no egg cells. In addition, both synergids remained intact throughout the life of the ovule, or they both degenerated. Some megagametophytes did not display egg apparatus. All of these observations are consistent with abnormalities shown by previous studies (Viella-Calzada et al. 2000; Yadegari et al. 2000) for gametophytic mutations.
Polar nuclei fusion was affected in the Arabidopsis gfa2 , gfa3 , and gfa7 mutants (Drews et al. 1998) . In these mutants, researchers observed that the polar nuclei migrated normally and came to lie side by side but remain unfused (Christensen et al. 1997) . The shapes of the egg cell and synergids were abnormal, and their vacuoles showed alterations in number, size, and shape.
Seed development requires coordinated expression of embryo and endosperm that includes contributions from both sporophytic and male and female gametophytic genes (Sørensen et al. 2001 development of the megagametophyte depends on the activities of many female gametophyte-expressed genes affecting processes such as nuclear migration, pollen tube guidance, and embryo sac development (Vollbrecht and Hake 1995) . These genes have been defined by numerous mutations that give rise to gametophytic female sterility (Drews et al. 1998) . The female gametophytic mutants in Arabidopsis that have received the most attention are the fis mutants, fis1/mea, fis2, and fis3/fie (Chaudhury et al. 1997 Ohad et al. 1999; Grossniklaus and Schneitz 1998; Yadegari et al. 2000) . The phenotypes of the fie and fis mutants associated with the induction of seed development are controlled by components that are encoded by female gametophyte genes that play a role in the induction of seed development. Failure of polar nuclei migration in the female PS F1 hybrid soybean mutant supports these previous results. In addition, if there is no penetration of the pollen tube into the megagametophytes there is no fertilization, which results in various megagametophyte abnormalities.
Some polar nuclei of Clark, Clark k2 and F1 hybrid plants did not migrate or did not fuse, or were absent. Also lack of fertilization of polar nuclei prevented endosperm formation and resulted in ovule abortion. Our study with the Clark, Clark k2 and F1 hybrid plants showed that ovaries from PS plants positioned far from the egg cell were not fertilized. This caused lack of double fertilization. The position of polar nuclei away from the egg cell prevented fertilization in soybean PS-1 ovules (Pereira et al. 1997a (Pereira et al. , 1997b . In normal soybean, the fused polar nuclei were always positioned against the top of the egg cell or directly above it (Kennell and Horner 1985; Pereira et al. 1997a Pereira et al. , 1997b . Normal megagametophyte formation in Clark plants was identical to megagametogenesis as described in soybean by previous researchers using light and electron microscopy (Kennell and Horner 1985; Folsom and Cass 1990; Chamberlin et al. 1994; Pereira et al. 1997a Pereira et al. , 1997b .
The maize ig mutation affects regulation of the nuclear division cycle and results in abnormal microtubule patterns, abnormal nuclear migration, abnormal nuclear positioning, and lack of cellular specialization of micropylar cells (Huang and Sheridan 1996) . Positional information of polar nuclei within the megagametophyte has shown whether fertilization will be normal or not.
The endosperm, an essential component of seed development, is the product of double-fertilization. This event transforms the central cell into endosperm and provides early nutrition for the young embryo (Chamberlin et al. 1993 (Chamberlin et al. , 1994 . In soybean, the endosperm is crushed and disappears as the embryo enlarges. Genetic and physiological balance among the endosperm, embryo and maternal tissues is known to be important for proper seed development (Sørensen et al. 2001) . Recent studies have shown several Arabidopsis mutants (fis mutants, mea, fis2 and fie) that affect endosperm development and function (Ohad et al. 1999; Chaudhury et al. 1997 Chaudhury et al. , 2001 Grossniklaus and Schneitz 1998) . Mea, fie, and fis2 mutants in Arabidopsis are expressed in the female gametophyte before fertilization and in the developing endosperm after fertilization (Luo et al. 2000) . Pereira et al. (1997a Pereira et al. ( , 1997b reported in PS-1, PS-2, PS-3, and PS-4 that in the late proembryo stage, no endosperm was formed and the embryo died. Pereira et al. (1997a) observed that the genes in PS-2, PS-3 and PS-4 were not transmitted through the female parent because they produced a lethal ovule condition. Thus, ovules carrying the PS gene abort or have some abnormality affecting ovule or endosperm development. Yadegari et al. (2000) showed in Arabidopsis that the fie and mea genes are expressed in the central cell and repress the transcription of genes required for replication of the central cell nucleus and subsequent endosperm development. This means these proteins were detected in the central cell and not in the egg cell.
The embryo sac wall is thicker in Clark k2 and the F1 hybrid than in Clark. These megagametophytes are without nuclei and collapse. According to Chamberlin et al. (1993 Chamberlin et al. ( , 1994 , a cuticle-like layer occurs between the inner integument and nucellus. When the nucellus breaks down and the embryo sac expands at the globular stage, the embryo decreases in thickness.
This study shows that the Clark k2 and F1 plants develop various abnormalities at the time the megagametophyte develops. These abnormalities lead to increased ovule abortion and prevention of seed development, and supports our view that the mutation in Clark k2 is directly responsible for the observed partial female sterility. Perhaps in the F1 hybrid plants, different proteins or multimeric proteins are synthesized that interfere with, or prevent the activation of, endosperm and embryo development.
Summary
Our results are based on the visual analysis of 201 developing ovules using CSLM in three near-isogenic soybean genotypes. The F1 plants are heterozygous for a female gametophyte lethal mutation and are semisterile because about one-half of the ovules carry defective megagametophytes and do not develop into seeds. Some of the megagametophytes of Clark k2 showed that embryos do not form or that early embryo abortion is due to abnormalities associated with nonmigration and orientation of polar nuclei resulting in the failure of double fertilization and absence of endosperm development. This suggests that failure of these megagametophytes is due to gametophytic gene expression at or near the time of fertilization. Thus, the ovules containing the defective megagametophytes apparently fail to be fertilized, resulting in degeneration of about one-half of the ovules produced by F1 hybrid plants.
